Two-dimensional (2D) transition metal dichalcogenides (TMDs) have attracted tremendous attention because of their unique electronic, optical and chemical properties. 2D TMDs, especially 2D MoS 2 , have been proved to show great potential in various applications such as sensing, hydrogen evolution and lithium ion batteries. Therefore, methods for the scalable preparation of 2D materials and 2D nanocomposites of high quality and low cost must be developed. Among the various synthesis methods, the hydrothermal synthesis method is simple and can meet the above requirements. In this review, the recent advances in the controllable hydrothermal synthesis of 2D MoS 2 and its nanocomposites by the hydrothermal synthesis method are highlighted. We provide insight into the growth mechanisms of few-layered 2D MoS 2 with different morphologies and the key technologies to realize wafer-scale growth of continuous and homogeneous 2D films which are important for practical applications. Further, the typical applications of TMDs in nonlinear optics as ultrafast optical modulation devices are presented based on work of our institute. For more clarity, we summarize the current challenges of the hydrothermal synthesis method encountering, and suggest solutions to these challenges concerning future developments in practical applications.
Introduction
2D materials play an important role in nanomaterials. Since the discovery of graphene [1] [2] [3] [4] , 2D materials such as transition metal dichalcogenides (TMDs) [5] [6] [7] , black phosphorous [8, 9] , MXene, graphene [10] [11] [12] , hexagonal boron nitride (hBN) [13] and other elemental 2D materials [14] have attracted tremendous attention in various areas. Among these 2D materials, semiconducting TMDs with a general formula of MX 2 (M = Mo, W; X = S, Se) attracted the most attention due to their unique properties. Take MoS 2 as an example. 2D MoS 2 has displayed the layer-dependent band gap, ultrafast carrier dynamics (intraband ~ fs, interband ~ ps), remarkable photoluminescence and electroluminescence properties, strong exciton effects and so on [15] . These unique properties make 2D MoS 2 show potential applications in a variety of fields including catalysis, energy storage, sensing and electronic devices such as field-effect transistors and logic circuits, photonic and optoelectronic devices [16] [17] [18] [19] [20] [21] .
The layered TMDs are anisotropic materials with a trigonal prismatic structure [22] and consist of a hexagonally packed layer of metal atoms sandwiched between two layers of chalcogen atoms with a thickness of 0.6-0.7 nm. Similar to graphene, the intra-layer M-X bonds are predominantly covalent in nature, whereas the sandwich layers are coupled by weak van der Waals (vdW) forces, thus allowing the crystal to readily cleave along the layer surface. Thus, 2D TMDs can be synthesized by various methods such as the mechanical exfoliation method, liquid exfoliation method [23, 24] , chemical vapor deposition (CVD) method [25] [26] [27] , sulfurization method [28] , and hydrothermal method [26, 29, 30] . Among these methods, the hydrothermal synthesis Tungsten www.springer.com/42864 1 3 technology is an effective way to grow 2D TMD nanostructures, especially for MoS 2 , with different morphologies and rich edge states exposed to environments with higher chemical activities [31, 32] , which is essential in applications such as the hydrodesulfurization [33] , lithium ion battery (LIB) [34, 35] and hydrogen evolution reaction [36, 37] . Another advantage is that it is easy to form functional nanocomposites with other nanomaterials such as graphene, TiO 2 , carbon nanotubes (CNTs) and tellurium (Te) [38] [39] [40] [41] , according to different demands. In addition, the 2D TMDs prepared by the hydrothermal method are polycrystalline. In this review, we mainly focus on the hydrothermal synthesis of 2D MoS 2 and the corresponding applications. The MoS 2 has three kinds of polymorphs of 2H, 1T and 3R, among which the 1T and 2H phases are relatively stable, with 2H phase being the most stable. The 2H phase consists of two S-Mo-S layers made up of edge-sharing MoS 6 trigonal prisms, and the 1T phase with one S-Mo-S layer built from edge-sharing MoS 6 octahedra [42] [43] [44] . Different from semiconducting 2H-MoS 2 , 1T-MoS 2 is metallic [45] [46] [47] . It should be noted that the MoS 2 mentioned below is 2H-MoS 2 if there is no specific illustration.
Hydrothermal syntheses of 2D MoS 2
Generally, the hydrothermal synthesis of 2D MoS 2 can be realized with different precursors in various systems. The generally adopted Mo precursors include (NH 4 ) 6 Mo 7 O 24 [48] , MoO 3 [49] , and Na 2 MoO 4 [50, 51] , and S precursors include NH 2 CSNH 2 , elemental sulfur [48] , KSCN [49] , Na 2 S 2 O 3 [52] and thioacetamide (TAA) [53] . The most widely adopted solvent is deionized water. In a typical hydrothermal process, Mo and S precursors were added into deionized water in a Teflon-coated autoclave, and then they reacted at a certain temperature (e.g., 150-240 °C) for different time (e.g., 6-48 h). Additionally, single precursor of (NH 4 ) 2 MoS 4 [54] and molybdenum diethyldithiocarbamate oxide [Mo((C 2 H 5 ) 2 NCS 2 ) 2 O 2 ] [55] are also reported to synthesize MoS 2 nanosheets in aqueous solution by a hydrothermal reaction process.
To date, 2D 2H-MoS 2 and its functional nanocomposites with various morphologies are reported, such as nanorods [56] , nanosheets [57] , nanoflowers [58] , nanoplates [59] , nanowalls [60] and hollow nanoparticles [61] . The property of 2D MoS 2 is strongly related with its phases, size, morphology, crystallinity and any interfaces present. These features can be controlled by rational design and careful tuning of the hydrothermal synthesis processes. Therefore, it is important to understand the general mechanism of the hydrothermal growth of 2D MoS 2 , i.e., how parameters such as the precursor, substrate, additives, temperature, reaction time and solvents affect the growth of materials.
Temperature
During the hydrothermal process, the reaction temperature is one of the most important reaction parameters, which can significantly affect the morphology and crystallinity of the obtained MoS 2 .
As early as 2004, Tian et al. [49] reported the hydrothermal synthesis of MoS 2 nanosheets. They investigated the effect of the temperature on the morphology of the obtained MoS 2 . The reaction system contains KSCN and MoO 3 as precursors in an aqueous solution at a mild condition of 160-220 °C. In this reaction process, KSCN acted as a reducing reagent as well as an S precursor, in which part of S changed into SO 4 2− and reduced Mo (VI) to Mo (IV), and the other part of S contributed to form MoS 2 with Mo. The possible reaction for the synthesis of MoS 2 was afforded as Eq. (1):
The advantage of this reaction system is that some gases of NH 3 and CO 2 were sent out during the hydrothermal procedure, which could prevent the layers from stacking under the high pressure in the autoclave, keeping the layers as thin as possible [62] . They found that the temperature plays an important role in the morphology of the prepared MoS 2 , and a rolling mechanism was related to the formation of the nanotubes and nanorods. Figure 1 shows the transmission electron microscope (TEM) images and X-ray diffraction (XRD) patterns of the samples obtained at different temperatures. The MoS 2 obtained under 180 °C mainly had three different morphologies, nanotubes with a diameter of ~ 200 nm and a length of several microns in average (Fig. 1a) , nanorods with a smaller diameter of 60-100 nm (Fig. 1b) , and a "rag-like" microstructure (Fig. 1c) . The nanotubes were composed of folded and crinkled MoS 2 nanosheets, revealing a caterpillar-like shape. The nanorods were much more limpsy and pliable, and could entangle with each other. The "rag-like" morphology was reported by Chianelli et al. [63] . When the reaction temperature was 160 °C, only amorphous and mussy fragments were observed. The nanotube yield reached its maximum at 180 °C and then decreased by further increasing the temperature. When the temperature was 200 °C or above, relatively few nanotubes and few nanorods were found. The nanobubes formed at 220 °C had a large diameter of ~ 500 nm and a thicker wall (Fig. 1d) . A rolling mechanism was proposed for the formation of MoS 2 nanotubes and nanorods. In the hydrothermal process, MoS 2 nanosheets were quite active and unstable because of the existence of unsaturated dangling bonds of atoms Mo or S at their edges, and they would tend to interact with each other within the layer to eliminate dangling bonds and reduce the (1)
energy level to the lowest. The thin and crinkled nanosheets had irregular shape and more active points not only at edges but also inside the layers which could speed up the rolling process and form the nanotubes. Some of the layers rolled up even tightly enough to form nanorods. Figure 1e shows the intermediate stage of the rolling process, which is also observed in our previous work [64] . When the temperature was promoted to 200 °C, the obtained MoS 2 nanosheets became thicker with improved rigidity. As a result, it is more difficult for them to roll up into tube or rod shapes. Figure 1f shows the XRD patterns of the samples obtained at different temperatures. All the diffraction peaks can be indexed to hexagonal 2H-MoS 2 . With increasing the temperature, the crystallinity of the obtained samples increased. The peak at 14.4° is ascribed to the diffraction of (002) plane. The MoS 2 nanosheet is thicker with the stronger intensity of the peak. The XRD results are consistent with the TEM results. The authors concluded that the optimum temperature for nanotubes and nanorods was 180 °C. Matte et al. characterized the obtained MoS 2 at 180 °C using high-resolution transmission microscopy (HRTEM), XRD patterns and Raman spectra, proving the 2D hexagonal nanosheets had 1-3 layers [31] . Wang et al. [65] investigated the effect of temperature on the crystallinity of the obtained MoS 2 . They adopted a reaction system of (NH 4 ) 6 Fig. 2a, b show that the asprepared MoS 2 samples are nanoflowers with a diameter of (Fig. 2c) . Figure 2d shows that the MoS 2 nanosheets have an expanded interlayer distance of 0.8 nm, which is much larger than the standard value of 0.62 nm, indicating a significant lattice expansion [66] . XRD patterns and Raman spectra were used to characterize the crystallinity of the fabricated samples. As shown in Fig. 2e , the intensity of diffraction peaks becomes sharper, indicating an improvement of the crystallinity. The absence of the (002) diffraction peak indicates a low stacking height along this direction. The (002) diffraction peak becomes remarkable at 240 °C, demonstrating a higher stacking height along the c-axis. Compared to the pristine bulk 2H-MoS 2 , all the peaks of the synthesized MoS 2 are significantly broadened, suggesting the poor crystallinity and small particle size. Similarly, the peaks E 1g and E
2g
in the Raman spectra become higher and sharper with increasing the temperature (Fig. 2f) , demonstrating a better crystallinity. Owing to the special nanoflower structures assembled by nanosheets, the synthesized MoS 2 revealed a higher activity than the commercial bulk MoS 2 (CB-MoS 2 ) as well as a good stability in the hydrogen evolution reaction as shown in Fig. 2g , h.
Substrate
One of the advantages of the hydrothermal synthesis of 2D MoS 2 is that it is easier to form nanocomposites with other materials such as graphene, carbon nanotubes [67] and TiO 2 [68] , which at the same time act as a flexible template with MoS 2 nanosheets in situ growing on their surfaces.
Li et al. [34] reported the synthesis of MoS 2 nanosheets on reduced graphene oxide (RGO) nanosheets via the hydrothermal method. The reaction system they adopted was (NH 4 )MoS 4 and hydrazine in an N,N-dimethyl formamide (DMF) solution. During this process, the (NH 4 )MoS 4 precursor was reduced to MoS 2 . As shown in Fig. 3a The electrocatalytic and photoelectrochemical water splitting performances of the MoS 2 /RGO hybrid materials were investigated compared with the MoS 2 particles grown freely in solution without GO. The hybrid MoS 2 /RGO exhibited the highest electrocatalytic activity in the hydrogen evolution reaction, due to the abundance of catalytic edge sites on the MoS 2 nanoparticles and the excellent electrical coupling to the underlying graphene network.
Similarly, Wang et al. [69] obtained honeycomb-like MoS 2 (HC-MoS 2 ) using three-dimensional graphene foam (3DGF) as a flexible substrate via a P123-assisted hydrothermal process as shown in Fig. 3c . The obtained Figure 3d shows the highly interconnected and porous 3D honeycomb-like architectures built from selfassembly MoS 2 nanosheets with lateral sizes of ~ 100 nm with a pore size of ~ 50 nm. TEM images in Fig. 3e show that most of the building blocks in hierarchical nanostructures are 3-5 layers of MoS 2 with an interlayer spacing of 0.64 nm in the polycrystalline structure of MoS 2 . It is thought that the P123 triblock copolymer here plays a pivotal role as a structure directing agent and a "connecter", promoting the formed agglomerates to grow sideways and be assembled into thin-layered nanosheets. Afterwards, the nanosheets are self-assembled into honeycomb-like architectures for removing the surface energy associated with unsatisfied bonds. The hydrothermal reaction occurs between Na 2 MoO 4 ·2H 2 O and thiourea (CH 4 N 2 S) with the help of the surfactant P123 at 200 °C for 24 h. It was found that MoS 2 hollow spheres (HS-MoS 2 ) with ~ 1.5 μm in diameter were produced in the absence of GF under the exactly same synthesis process. Figure 3f reveals that the hollow spheres are constructed by interconnected MoS 2 nanosheets. The thickness of the hierarchical wall is ~ 200 nm, which is several tenfolds thicker than that of the HC-MoS 2 wall. The obvious morphological difference highlights the important role of GF as an oriented substrate in mediating the growth of MoS 2 . Owing to the high surface area, massive porous hierarchical structure, highly conductive substrates directly as current collectors, and 3D interpenetrating structure, the HC-MoS 2 @GF exhibits the highest lithium-ion storage capability compared to HS-MoS 2 @GF and HC-MoS 2 ( Fig. 3g-i) .
Chang et al. [70] investigated the role of the concentration of graphene on the morphology of the obtained products. The SEM images show that the bare MoS 2 obtained consists of large-scale sheets that are tightly stacked together (Fig. 4a) . When GO was added, the synthesized products displayed a 3D architecture morphology consisting of nanosheets, as shown Fig. 4b-d . In particular, the MoS 2 /graphene (1:2) composite displays a sphere-like architecture (Fig. 4c) . The formation of 3D architecture of MoS 2 /G composites was attributed to the graphene self-assembling during the hydrothermal process, in which GO was reduced to graphene and the flexible graphene self-assembled into a 3D architecture by the partial overlapping or coalescing [71] . It is claimed that the 3D architecture of the composites is caused by the self-assembly of GO or reduced GO into a 3D architecture by the partial overlapping or coalescing of the flexible graphene during the hydrothermal process. The XRD results in Fig. 4e indicate that the incorporation of the graphene considerably inhibits the (002) plane growth of MoS 2 crystals in the composites with the intensity of the (002) peaks decreasing with the increasing proportion of graphene. In this work, MoO 4 2− and GO were simultaneously reduced to MoS 2 and graphene by l-cysteine which also acted as a sulfide source during the hydrothermal process. As mentioned above, GO or reduced GO acted as a substrate in the nucleation and growth of MoS 2 . Due to the layered MoS 2 growth on the surface of GO or reduced GO, the stacking of graphene was inhibited during the hydrothermal process, even during annealing. At the same time, the incorporation of the graphene also restrained the (002) plane growth of MoS 2 crystals in the composites during annealing. TEM and high-resolution TEM (HRTEM) images show that the layered MoS 2 nanosheets, with 4-11 layers and an interlayer distance of 0.62 nm (Fig. 4f, g ), are supported on the graphene surface. The SAED pattern in Fig. 4h shows that the obtained MoS 2 has a pure hexagonal phase. The effect of graphene and its concentration on the electrochemical performances of the MoS 2 /G composite electrodes were also investigated ( Fig. 4i-k) . The results demonstrate that all the MoS 2 /G composite electrodes exhibit much higher specific capacities and better cyclic stability than bare MoS 2 electrodes. The MoS 2 /G (1:2) exhibits the highest specific capacity of ~ 1100 mAh g −1 at a current density of 100 mA g −1 among all the samples. The probable reaction routes for the synthesis were expressed as follows [72] :
It should be noted that Li et al. [34] achieved spherical MoS 2 using (NH 4 )MoS 4 and N 2 H 4 in a DMF solution in the absence of any other flexible substrate, while hollow MoS 2 spheres were obtained by Wang et al. [69] in a P123-assisted hydrothermal process without the addition of a flexible substrate. The results demonstrate that other reaction parameters such as additives can also greatly influence the morphology of the obtained products.
(2)
MoS 2 nanosheets grown on carbon cloth were reported by Yu et al. [73] , using MoO 3 and TAA as the Mo and S precursors, respectively. Carbon cloth was dispersed in distilled water firstly followed by the addition of ethanol, MoO 3 , TAA, and urea under stirring. The mixture was transferred into a Teflon-lined stainless steel autoclave for the hydrothermal reaction at 220 °C for 24 h. Figure 5a shows that each carbon microfiber is covered with numerous highly ordered MoS 2 nanosheets with a uniform width of ~ 400 nm, leading to the formation of nanocomposites of MoS 2 /carbon fibers with a uniform diameter of ~ 8.5 μm. Figure 5b shows TEM and HRTEM images of the MoS 2 nanosheets with folded edges with a thickness less than 15 nm. The interlayer distance of the (002) plane of the MoS 2 nanoflakes varies from 0.8 nm to 1.02 nm, revealing that the nanosheets are significantly expanded compared to the bulk value of 0.615 nm, which has the polycrystalline structure as shown by the SAED pattern (inset in Fig. 5b ) [74] . The synthesis of three-dimensional (3D) hierarchical graphene/ MoS 2 nanoflake arrays with large surface areas and porous structures was also demonstrated. A flexible full battery was fabricated using the synthesized 3D hierarchical MoS 2 nanoflake array/carbon cloth prepared with 60 mg of MoO 3 (CCMS-2). The full battery reveals good stability and excellent electrochemical performances and can still be used to power a commercial red LED light even after 50 cycles of continuous bending (Fig. 5c, d) .
The MoS 2 nanosheets obtained above are all in the state of powders. Wafer-scale, continuous films of 2D materials that are compatible with the current silicon-based microfabrication processes are greatly needed for applications in electronics and optoelectronics. Moreover, the large area 2D films can be patterned into arrays, batches of devices on a single substrate, meeting the requirements of on-chip integration [75] . Therefore, it is important to fabricate the film state of MoS 2 on wafer-scale substrates such as quartz and SiO 2 /Si, especially for applications in photonic devices [76, 77] .
By selectively choosing the hydrothermal reaction system, the uniform MoS 2 nanofilms grown in situ on quartz and SiO 2 /Si substrates were realized [64, 78] , respectively, as shown in Fig. 6a-f . Figure 6c -e shows that the MoS 2 nanofilms have a "rag-like" surface morphology with a thickness of ~ 160 nm at 200 °C for 24 h. The cross-sectional TEM images in Fig. 6f show that the nanofilms comprise horizontally aligned MoS 2 layers at the bottom and vertically aligned MoS 2 layers on the top. To confirm that the bottom layer grew in situ on the surface of the substrate, the sample obtained at 200 °C for 6 h was characterized by SEM and cross-sectional TEM as shown in Fig. 6g , h, respectively. Obviously, only horizontally aligned MoS 2 layers were grown on the substrates within short reaction time. Based on the above results, a growth mechanism was proposed as shown in Fig. 6i , which includes the formation of horizontally aligned MoS 2 layers and the following growth of the vertically aligned MoS 2 layers on the defects of the horizontally aligned ones. Here, (NH 4 ) 2 MoO 4 and (NH 2 ) 2 S were chosen as the molybdenum and sulfur precursors, respectively, and 1-methyl-2-pyrrolidinone (NMP) as the solvent. In this reaction system, the molybdenum and sulfur precursors were dissolved in different solvents with (NH 2 ) 2 S dissolved in NMP and (NH 4 ) 2 MoO 4 dissolved in deionized water. As a result, the reaction is limited in the small amount of water, for NMP being miscible with water. Compared to the previous work [31] , the typical characteristic of this reaction system is that a very low mass of Mo precursors is needed. For example, Ouyang et al. [79] adopted 30 mg of MoO 3 , 350 mg of TAA, and 0.3 g of urea to fabricate the MoS 2 nanofilms, while only less than 10 mg of Mo precursors and ~ 60 mg of S precursors were used in the reaction system, which would greatly improve the yield and lower the environmental pollution.
Additive
For most of the applications of MoS 2 , such as sensing, LIBs and catalysis, the important processes occur either on the surface or at the exposed edges of the MoS 2 layers. However, the freshly prepared MoS 2 layers have a tendency to aggregate owing to their high surface energy and interlayer vdW attractions during the fabrication process and practical application, resulting in the loss of active sites or other unusual properties of ultrathin 2D nanostructures. Consequently, preventing the aggregation is of great importance for the practical applications of 2D nanostructures. Much attention [59, 80, 81] . The addition of additives such as surfactants, acids, and solvents is found to be one of the effective methods.
Wang et al. [82] systematically investigated the kind of alcohol on the morphology of the samples. The tubular MoS 2 was synthesized in a mixed solution of ethanol and octylamine at 200-220 °C as shown in Fig. 7a-f . The MoS 2 tubes with uniform diameters of ~ 180 to 210 nm and a length of ~ 2 μm were found to be constructed by single-layered MoS 2 . During the hydrothermal process, the octylamine served as the solvent and surface ligands, whereas ethanol had an important role in the formation of 3D assembled structures. Without ethanol in the system, only MoS 2 nanosheets were obtained. The tubes were gradually formed with the addition of ethanol. Therefore, ethanol plays a critical role in the formation of the tubular structure. Using ethanol with different dielectric constants, the diameter and length of the 3D assembled tubes can be tuned. By changing ethanol to butanol, the obtained tubes show larger diameters of ~ 400 nm with a shorter length (Fig. 7g, h ) compared to that of 200 nm in diameter for ethanol. It was ascribed the difference to their different dielectric constants (ε), which are 8 for butanol and 25 for ethanol. As a demonstration of structure advantages, the 3D assembled MoS 2 tubes are used as LIB anode materials. Excellent electrochemical properties were found for the synthesized MoS 2 tubes compared to those of the MoS 2 nanosheets and the commercial MoS 2 powders (Fig. 7i, j) .
By adding d-glucose into the reaction system, flowerlike C@MoS 2 composites were obtained by Hu et al. [83] at 200 °C for 24 h. The carbon in the flower-like MoS 2 is introduced by the added d-glucose after an annealing treatment. Fig. 8a . With the addition of d-glucose, the synthesized C@MoS 2 composites display a flower-like morphology consisting of nanosheets, as shown in Fig. 8b-d . In their reaction system, MoO 3 , d-glucose, TAA and urea were dissolved in a mixture of ethanol and distilled water. It is found that the obtained flower-like C@MoS 2 composite electrodes exhibit better lithium-ion storage performances and higher coulombic efficiencies than the bare MoS 2 electrodes as a result of the synergistic effect between the flower-like MoS 2 and carbon (Fig. 8h) . In fact, Ye et al. [48] obtained flowerlike MoS 2 without any additive as shown in Fig. 8e-g ; j rate behaviors of the above three samples at various current densities. Reproduced with permission from Ref. [82] Copyright 2013 John Wiley and Sons solvent, respectively, at 180 °C for 40 h. It was found that the fabricated flower-like MoS 2 had the high methyl orange (MO) adsorption capacity due to their large surface area (Fig. 8i) , showing potential in photodevices and photochemical catalysts. The above results demonstrate that the reaction system also plays an important role in determining the morphology of the synthesized MoS 2 . Other examples included that MoS 2 hollow microspheres (HS-MoS 2 ) were produced in a reaction between Na 2 MoO 4 ·2H 2 O and CH 4 N 2 S with the help of the sufactant P123 at 200 °C for 24 h as shown in Fig. 3f [69] . The similar hollow MoS 2 microspheres were synthesized by Qiu et al. [84] using MoO 3 , NaF and KSCN as starting materials.
In different reaction systems, the additives play different roles. Ding et al. [85] reported the glucose-assisted growth of MoS 2 nanosheets on CNTs. In a typical synthesis process, the acid-treated CNTs were dispersed into a glucose solution followed by the addition of Na 2 MoO 4 ·2H 2 O andCH 4 N 2 S. After stirring, the mixture was transferred into an autoclave and kept at 200 °C for 24 h. In this synthesis system, CH 4 N 2 S served as both the S source and a possible linker that could help the assembly MoS 2 nanosheets on the surface of acid-treated carbonaceous supports [86] . Figure 9a-d shows that the product has a one-dimensional structure with a diameter of ~ 200 nm and the surface is covered with densely packed MoS 2 nanosheets with ~ 60 to 100 nm in size and ~ 5 to 10 nm in thickness. When glucose and CNTs were removed from the system, the obtained MoS 2 sample revealed platelet-like structures, which were consisted of densely stacked sheet-like subunits (Fig. 9e, f) . After the (Fig. 3c, d ), in which MoS 2 flakes anchored loosely on the surface of CNTs (Fig. 9g, h ), suggesting that CNTs only acted as the substrate. It can be concluded that the glucose plays a crucial role in the formation of the CNT@ MoS 2 hybrid structures with densely packed MoS 2 flakes anchored on CNTs. It was proposed that the glucose might mediate the formation of MoS 2 nanosheets with the smaller size and thickness, which could at the same time served as a binder to help the MoS 2 nanosheets to grow on the surface of CNTs with uniform coverage along the longitudinal axis. As shown in Fig. 9i , j, the CNT@MoS 2 NSs electrodes synthesized with the coexistence of CNT and glucose show a better lithium storage capability than bare MoS 2 NSs and CNT@MoS 2 NSs electrodes without glucose, which can be ascribed to the large surface area of MoS 2 NSs and high conductivity of CNTs.
Additives of cationic surfactants are widely used in the hydrothermal route for preparing inorganic nanomaterials with different morphologies [87, 88] . For example, cationic surfactants can be easily adsorbed on the negatively charged graphene oxide sheets (GOS) surface through the electrostatic interaction and mediate the charge incompatibility between GOS and MoS 4 2− (or MoO 4 2− ). As a result, the cationic surfactants can control the microstructure (such as layer numbers) of MoS 2 in the composites. Chen group [89, 90] investigated the effect of cationic surfactants on the morphology of MoS 2 samples. They described a cationic surfactants-assisted hydrothermal synthesis of graphenelike MoS 2 and graphene (MoS 2 /GNS) composites based on hydrothermal reduction of Na 2 MoO 4 and l-cysteine in It was claimed that the difference in layer numbers for MoS 2 / GNS-O (~ 6 layers) and MoS 2 /GNS-D (~ 4 layers) was caused by the longer straight-line alkyl chain of DTAB than that of OTAB. The larger layer number of MoS 2 /GNS-T (~ 8 layers) compared to the other two composites is attributed to TBAB having four butyls linked to N + with sp 3 -hybrid stereo configuration, which would weaken the interaction between TBA + and GOS. SEM images in Fig. 10b show that the bare MoS 2 synthesized in the absence of cationic surfactants and GOS exhibits the particle-like morphology, which is composed of MoS 2 nanosheets. By contrast, the MoS 2 /GNS composites exhibit a quasi-3D architectural morphology with interconnected porous structures composed of highly wrinkled 2D nanosheets. As shown in Fig. 10b , isolated MoS 2 particles are hardly found in the nanocomposites, suggesting that the MoS 2 layers are well anchored on the graphene surface. A frequency shift of A 1g peaks relative to MoS 2 from Raman spectra in Fig. 10c confirms the few-layer feature of MoS 2 in the MoS 2 /GNS composites, which is consistent with the preceding XRD and HRTEM analyses. Based on the above results, the fabrication process was proposed as shown in Fig. 10d . During the hydrothermal treatment, MoO 4 2− and GOS were simultaneously reduced to MoS 2 and GNS, respectively. Due to the bridging effect of the cationic surfactant, MoS 2 layers could selectively grow on the surface of GNS or GOS. The formation of the hierarchical structure of the nanocomposites was ascribed to the surface modification of GOS by functional polymers or surfactants, which might promote their assembly with inorganic species by taking advantage of the improved compatibility between these components [53] . Thereafter, the resultant MoS 2 /GNS nanosheets could undergo a self-assembly process to form the quasi 3D MoS 2 /GNS heterostructural composites [71, 91] . The electrochemical performance test in Fig. 10e , f reveals that the few-layer MoS 2 /GNS electrodes, denoted as FL-MoS 2 /GNS, have the much higher cycle stability and rate capability than that of bare MoS 2 electrodes. The synthesized FL-MoS 2 /GNS-O electrodes using OTAB as cationic surfactants show the highest performance. The remarkable electrochemical performances of FL-MoS 2 /GNS composites were attributed to the synergistic interaction between FLMoS 2 and graphene as well as their quasi-3D architectures, which promote the lithium diffusion, electron transfer and electrolyte access. Wang et al. [92] prepared a series of MoS 2 samples with different morphologies via simply altering the surfactant and hydrothermal reaction temperature. They used a reaction system containing Na 2 MoO 4 ·2H 2 O) and TAA in deionized water with the assistance of polyvinyl pyrrolidone (PVP) at 200 °C for 24 h to fabricate MoS 2 NSs. For the synthesis of MoS 2 NRs, the poly(ethylene glycol octylphenol ether) (Triton X-100) was used to substitute PVP in reaction solution at the same conditions. For the synthesis of MoS 2 NPs, both the surfactant and hydrothermal reaction temperature were changed, with PVP changing into cetyltrimethyl ammonium bromide (CTAB) and temperature changing into 160 °C with the other conditions unchanged. It is reported that Triton X-100, as a neutral surfactant, can generate the layered structure in the hydrothermal process due to the selective absorption and prevention of agglomeration of 2D sheets [93] . PVP can prompt the formation of 3D hierarchical cauliflower-like nanostructure from individual nanosheets because of its cross-linking ability and multiple coordinating sites [94] . CTAB was used for the synthesis of spherical nanoparticles because the strong electrostatic interaction between CTA + , S 2− and MoO 4 2− would result in the isotropic growth of the nuclei [95] . MoS 2 nanoparticles with a large size are subsequently obtained.
Three kinds of MoS 2 nanostructures, which are 3D hierarchical nanospheres (NSs), one-dimensional (1D) nanoribbons (NRs), and large aggregated nanoparticles (NPs), were successfully achieved. Figure 11a shows the XRD patterns of MoS 2 with different morphologies. It can be observed that the intensities of the (002) reflection become weaker from NPs to NRs. For NSs, the (002) reflection could not be observed in the XRD pattern of MoS 2 NSs, implying that this material may consist of five or less graphene-like MoS 2 layers [59] . SEM images in Fig. 11b, c show that the 3D MoS 2 NSs are in diameters of 600-900 nm and composed of the sheet-like subunits. The MoS 2 nanosheets could form MoS 2 nanoflakes and then MoS 2 nanoflakes aggregate to form the loose cauliflower-like architectures. As shown in Fig. 2c, d , the MoS 2 NRs demonstrate a 1D rod or ribbon shape with a width of 200-300 nm and a length up to several micrometers. It is noteworthy that the MoS 2 NRs exhibit a relatively smooth surface. Figure 2e illustrates that the spherical MoS 2 NPs with a relatively uniform size of 600 nm and quite rough surfaces do not exhibit a good dispersion. HRTEM images in Fig. 11e-g show that all the three MoS 2 nanostructures display a few-layered structure with poor crystallinity.
Multilayered MoS 2 nanosheets have a strong tendency to aggregate due to high van der Waals stacking of the MoS 2 NP in the (002) plane. To suppress the growth of MoS 2 sheets along the c-axis, Zhang et al. [96] used glacial acetic acid to maintain the pH of the reaction environment. During the hydrothermal process, the pH of the reaction environment increases due to the release of ammonia at an elevated temperature [97] . The addition of acetic acid is expected to react with ammonia and form CH 3 COONH 4 to maintain the initial pH value. As shown in Fig. 12a , the obtained MoS 2 with the co-assistance of graphene and acetic acid looks like a cockscomb with a smooth surface and no obvious aggregation. The MoS 2 synthesized with the assistance of only acetate in Fig. 12b shows obvious aggregation, and the MoS 2 obtained with the assistance of graphene in Fig. 12c reveals a porous structure and less aggregation. The results suggest that the graphene sheets act as dispersing agents to promote the formation of porous composites and reduce the aggregation. The HRTEM image shows that the MoS 2 NS has an average thickness of 3-4 layers and an interlayer spacing of 0.62 nm in the presence of graphene sheets (Fig. 12d) , respectively. For comparison, the pure MoS 2 NS (without graphene) indicates more layers (~ 8 layers) than that of the MoS 2 NS/graphene composite as shown in Fig. 12e . Raman spectra (Fig. 12f) and XRD patterns (Fig. 12g) further confirm that the 3wt% MoS 2 NS/ graphene has thinner MoS 2 nanosheets after the introduction of graphene. As a result, the 3wt% MoS 2 NS/graphene electrodes show the excellent rate performance for Li storage (709 mAh g −1 at the discharging rate of 8320 mA g −1 , 1C = ~ 832 mA g −1 ) and superior charge/discharge cyclability (Fig. 12h, i ).
Magnetic fields
It is believed that the magnetic field plays an important role in phase engineering of the products [98] [99] [100] . Most recently, Ding et al. [101] reported the synthesis of metallic 1T-MoS 2 by a hydrothermal method under high magnetic fields. 2H-MoS 2 was found to generate without externally applied magnetic fields, while 1T-MoS 2 is formed with applied magnetic fields. Figure 13a shows the symmetry difference between the octahedral coordinated 1T-MoS 2 and the trigonal coordinated 2H-MoS 2 crystal structures. The high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of single-layer MoS 2 synthesized with (9 T) and without (0 T) magnetic field are shown in Fig. 13b, c and Fig. 13d , e, respectively. Clearly, the atomic arrangements are different. The Raman spectra further confirm the 1T structure of MoS 2 -9T, and the 2H crystal structure of MoS 2 -0T (Fig. 13f) . Thus, it can be concluded that 1T-MoS 2 can be successfully synthesized by the magneto-hydrothermal processing, suggesting the validity of magneto-hydrothermal processing for the synthesis of 1T-MoS 2 , which shows a good ambient-stability for more than 1 year. Moreover, the electrochemical measurements show that the 1T-MoS 2 performs much better than 2H-MoS 2 as the anode for sodium ion batteries (Fig. 13g, h ).
Application in ultrafast optical modulation devices
Transition metal dichalcogenides show excellent nonlinear optical performances under the action of ultrafast light fields, such as saturable absorption, two-photon absorption, optical limiting and photo-transparency [23, 28, 102, 103] .
Here, an introduction is given based on our recent work on ultrafast optical modulation devices based on 2D TMDs. It is predicted that 2D TMDs will become the most promising candidates of the next generation of all-optical devices after semiconductor materials (such as silicon or germanium) with their excellent nonlinear optical properties along with the gradual failure of Moore's Law. In 2013, for the first time, our group experimentally revealed that MoS 2 had excellent nonlinear saturation absorption (SA) under near-infrared femtosecond laser pulses [23] , resulting in the third-order NLO susceptibility Im χ(3) of ~ 10 15 esu, figure of merit of ~ 10 15 esu cm, and free-carrier absorption cross section of ~ 10 17 cm 2 . Further results demonstrate that 2D MoS 2 has excellent broadband absorption saturation from femtosecond to picosecond with visible to near-infrared pulses [102] . Through the selfdesigned imaging intensity-scan system, we found that the monolayer MoS 2 possessed a nonsaturation TPA coefficient 3 cm GW −1 , larger than that of conventional semiconductors by a factor of 10 3 . The result confirmed that the monolayer MoS 2 domain exhibited excellent two-photon absorption characteristics in the nearinfrared band [104] . In our recent work [105] , near-infrared degenerate two-photon absorption saturation of transition metal sulfide films (MoS 2 , WS 2 , MoSe 2 , WSe 2 ) was experimentally observed. The three-level dynamics simulation of exciton absorption reveals that the fast relaxation of dark excitons and the slow interband recombination process of ground state excitons are the main reasons leading to ground state electron bleaching and two-photon absorption saturation, revealing the essence of uniform widening of 2D semiconductor two-photon absorption process. In addition, the spatial modulation effect of two-photon absorption saturation on laser pulses is simulated, confirming the possibility of 2D semiconductors for optical modulation and photonics applications. The above results demonstrate that 2D MoS 2 has potential applications in ultrafast optical modulation devices. For example, the excellent saturable absorption of MoS 2 suggests that it can be used as a saturable absorber (SA) in nanophotonic devices, such as passively mode-locked and Q-switched fiber lasers, optical switches [76, 106, 107] . In 2015, Wu et al. [108] reported on the passive mode-locking operation of a fiber laser based on MoS 2 SA. A fundamental repetition rate of 463 MHz was achieved with the center wavelength of 1556.3 nm, 3-dB bandwidth of 6.1 nm, output power of 5.9 mW, and extinction ratio of up to 97 dB in the RF spectrum, as shown in Fig. 14a, b . By incorporating WS 2 SA into a fiber laser cavity, both the stable mode locking operation and Q-switching operation were achieved [109] . In addition, all-optical switching was realized with a fiber Mach-Zehnder interferometer (MZI) type all-optical switch based on 2D WS 2 (Fig. 14c, d) . A phase shift of up to 6.1 π by adjusting the refractive index of WS 2 near the communication wavelength of 1550 nm was achieved [110] . By further optimizing the experimental conditions, the coefficient of all-optical switch with an extinction ratio of 15 dB and an on-time of 7.3 ms was obtained.
Conclusion and outlook
In this work, we give a summarization on the hydrothermal synthesis of 2D MoS 2 and our recent work on its application as ultrafast optical modulation devices. The detailed synthesis parameters are reviewed. It can be concluded that various morphologies and nanocomposites of 2D MoS 2 can be controllably realized by a hydrothermal synthesis method. The major advantage for the hydrothermal synthesis of 2D MoS 2 is that it can afford rich exposed edge states, which are important in applications such as hydrogen evolution and lithium-ion batteries. Another important advantage of the hydrothermal methods is that it can afford the scalable production of MoS 2 nanosheets and preparation of functional composites, which is critically important in practical applications. Currently, the hydrothermally synthesized 2D MoS 2 encounters a relatively poor crystallinity and non-uniform number of layers, which will render low damage threshold in its ultrafast optical modulation devices and be harmful to its practical applications. Therefore, a future direction of the hydrothermal synthesis method is to improve the crystallinity of 2D MoS 2 nanosheets at relatively mild reaction 
